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Abstract 
Measurement of droplet evaporation is challenging since the average practical droplet size is too small, thus single 
droplets with a larger diameter are usually investigated. However, measurement data often bears notable uncertainty 
or bias, encumbering model validation. Therefore, typical conditions of evaporation measurements are evaluated by 
numerical modeling, and the results are compared to experimental data of n-heptane droplets. Vaporization rate of 
millimeter-scale droplets is considerably enhanced at high temperature due to thermal radiation. Heat balance of 
droplet is dominated by convective heat transfer at the early, and heat conduction through the suspension fiber in the 
late vaporization period. However, fiber conduction has no significant impact on vaporization below a certain fiber-
to-droplet initial diameter ratio. 
 
Introduction 
The energy and transportation sector of the world is 
highly dependent on combustion systems, and the 
demand is still increasing. Therefore, efficient 
combustion of liquid fuels is crucial in order to meet the 
latest pollutant emission standards and provide efficient 
operation. In addition, several alternative liquid fuels 
came up in the past decades which should be utilized 
locally to have a positive energy balance [1,2]. The 
droplets generated via atomization need to be evaporated 
and mixed with combustion air before reaching the flame 
front. To optimize combustion chamber design, the 
evaporation process is analyzed by computational 
methods [3–5]. The applied models are developed based 
on extensive experimental data. However, the 
measurement of droplet spray evaporation is difficult due 
to a large number of tiny droplets which need to be 
tracked. Hence, the measurement of a single droplet with 
a larger diameter is usually performed as the fundamental 
physical phenomena are identical. Nomura et al. [6] and 
Chauveau et al. [7] analyzed the evaporation 
characteristics in microgravity. Verwey [8] evaluated the 
effect of natural convection on the vaporization of small 
droplets, while Nguyen et al. [9] investigated binary 
mixture droplets in gas flow. The effects of swelling and 
puffing during the evaporation of droplets were 
investigated by several authors. Wang et al. [10] carried 
out measurements of jatropha oil droplets, while Yang et 
al. [11] and Kim et al. [12] investigated high-viscosity gel 
and emulsion fuel droplets. These measurement methods 
can be divided into two main groups, depending on the 
motion of the droplet: suspended droplet and drop-tower 
methods [13,14]. 
Suspended droplet method is generally used due to its 
practical advantages. The droplet is stagnant, thus the 
effect of forced convection on vaporization is eliminated. 
A fixed high-speed camera can easily detect the temporal 
variation of droplet diameter. The suspension of the 
droplet can be either a silica fiber or a thermocouple. 
However, larger, typically millimeter-scale droplets are 
more sensitive to thermal radiation from the high-
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temperature environment, i.e., surfaces and the 
surrounding gas. Therefore, thermal shielding is 
commonly applied [15]. Another biasing factor is the 
heat conduction through the suspension system, since the 
thermal conductivity of suspension fibers is usually 
larger by few magnitudes than the thermal conductivity 
of vapor-air mixture around the droplet surface, resulting 
in additional heat transfer from the environment to the 
inspected droplet [16]. 
Correction methods considering fiber thermal 
conduction towards the droplet can be divided into two 
groups. The first method introduces a correction factor 
for the steady-state evaporation rate [16,17] that 
characterizes the steepness of the temporal variation of 
squared diameter of the droplet which is the D2-law [4]. 
Hence, the theoretical value of steady-state evaporation 
rate constant, which can be calculated from the gas phase 
models, is corrected by an empirical term that depends on 
the temperature, fiber diameter, and material properties 
of the droplet and fiber. This way, all the effects that 
disturb the temporal variation of droplet diameter can be 
eliminated for the actual measurement setup. The second 
method for correction is considering the fiber thermal 
conduction as a source term in the heat balance of the 
droplet, assuming that heat transferred by conduction 
towards the droplet is homogeneously distributed in the 
droplet volume [18,19]. 
Tracking the temporal variation of droplet diameter in 
drop-tower experiments is more challenging and 
demands novel experimental apparatus, however, this 
method bears several advantages. As the droplet is 
moving, there is no need for a suspension system; thus 
fiber conduction does not affect vaporization. The effect 
of forced convection is minimized by adjusting the 
ambient gas velocity resulting in low Reynolds numbers 
[14]. The droplet size is usually smaller than that of 
suspended droplets, however, thermal radiation may still 
influence vaporization. 
In the present work, both thermal radiation and fiber 
conduction are considered as source terms in the heat 
balance of droplet. With this correction method, the 
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conclusions derived later are more general. A classical 
layout of suspended single droplet measurement is 
considered as a horizontal fiber with the droplet on its tip, 
shown in Fig. 1. The evaporation model is detailed in the 
upcoming section. 
 
Evaporation model 
The fundamental equations of the present droplet 
vaporization model are widely used in commercial 
numerical codes [20]. Hence, only the key details and 
modifications are described below. 
Figure 2 shows the numerical algorithm of the 
evaporation model. Firstly, the boundary and initial 
conditions such as ambient gas pressure and temperature, 
initial droplet diameter and temperature and material 
constants such as parameters of Lennard-Jones potential 
for binary diffusion coefficient are specified. Then the 
model parameters, e.g., time step are defined. The 
relevant pressure and temperature-dependent 
thermophysical properties of n-heptane and ambient gas 
are downloaded from the NIST database [21]. 
 
 
Fig. 1. Geometric model of a suspended single 
droplet. 
 
 
Fig. 2. The numerical algorithm of the used evaporation 
model. 
The calculation of Spalding mass transfer and heat 
transfer numbers are defined by Eqs. (1) and (2): 
 
 𝐵𝑀 =
𝑌𝑣𝑠−𝑌𝑣∞
1−𝑌𝑣𝑠
, (1) 
 
 𝐵𝑇 = (1 + 𝐵𝑀)
𝑐𝑝𝑣
𝑐𝑝𝑔
∙
1
𝐿𝑒 − 1, (2) 
 
where Yvs, Yv∞, cpv, and cpg are the mass fraction of vapor 
at the droplet surface and in the ambient gas and specific 
heat capacity of vapor and vapor-ambient gas mixture, 
respectively. Le is the Lewis number. The mass flow rate 
of evaporation considering the effect of Stefan flow is: 
 
 ?̇?𝐷 = 2𝜋𝐷𝐷𝑣𝜌𝑔 ln(1 + 𝐵𝑀), (3) 
 
where D, Dv, and ρg are the droplet diameter, binary 
diffusion coefficient and density of the vapor-ambient 
gas mixture, respectively. The Nusselt number of the 
droplet is: 
 
 𝑁𝑢 =
ln(1+𝐵𝑇)
𝐵𝑇
𝑁𝑢0, (4) 
 
where Nu0 is the Nusselt number for a non-evaporating 
sphere. Nu0 is calculated by Eq. (5) for stagnant droplet 
(natural convection) and by Eq. (6) for moving droplet 
(forced convection) [22]: 
 
 𝑁𝑢0 = 2 + 0.56 (
𝑃𝑟𝑅𝑎𝐷
0.846+𝑃𝑟
)
0.25
, (5) 
 
 𝑁𝑢0 = 2 + 0.6𝑅𝑒𝐷
1/2
𝑃𝑟1/3, (6) 
 
where Pr is the Prandtl number, RaD and ReD are the 
droplet Rayleigh and Reynolds numbers, respectively. 
The temperature of the droplet and the temperature of the 
fiber at the end of the time step are calculated by Eqs. (7) 
and (8): 
 
 𝑚𝐷𝑐𝑝𝑙
d𝑇𝐷
d𝑡
= ?̇?𝑐,𝐷 − ?̇?𝐷𝐿 + ?̇?𝑟,𝐷 + ?̇?𝑓, (7) 
 
 𝑚𝑓𝑐𝑓
d𝑇𝑓
d𝑡
= ?̇?𝑐,𝑓 − ?̇?𝑓, (8) 
 
where cpl and cf are the specific heat capacity of droplet 
and fiber respectively, m, is the mass, and T is the 
temperature. Subscripts D and f refer to droplet and fiber. 
L is the latent heat of vaporization. The further source 
terms of Eqs. (7) and (8) are defined by Eqs. (9)–(12). 
The rate of convective heat flow to the droplet: 
 
 ?̇?𝑐,𝐷 = −ℎ𝐷𝐷
2𝜋(𝑇𝐷 − 𝑇∞), (9) 
 
where hD is the droplet heat transfer coefficient, and T∞ 
is the ambient gas temperature. The rate of radiative heat 
flow to the droplet: 
 
 ?̇?𝑟,𝐷 = 𝐷
2𝜋𝜀𝜑𝜎0(𝜃𝑟
4 − 𝑇𝐷
4), (10) 
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where ε is the mutual absorption coefficient, φ is the view 
factor, Θr is the radiation temperature respectively, and 
σ0 is the Stefan-Boltzmann constant. In the case of 
optically thick gases, radiation temperature is considered 
equal to the ambient gas temperature [3,23]. Assuming 
one-dimensional heat conduction in the fiber, the rate of 
heat flow by conduction through the fiber according to 
Fourier’s law: 
 
 ?̇?𝑓 = −𝑘𝑓
𝑑2𝜋
4
(𝑇𝐷−𝑇𝑓)
𝐷/2
, (11) 
 
where kf and d are the thermal conductivity and the 
diameter of the fiber, respectively. The total rate of heat 
flow towards the droplet is the sum of Eqs. (9)–(11). The 
rate of convective heat flow to the fiber from the 
environment: 
 
 ?̇?𝑐,𝑓 = −ℎ𝑓𝑑𝜋 (𝐻 +
𝐷0
2
−
𝐷
2
) (𝑇𝑓 − 𝑇∞), (12) 
 
where hf and H are the heat transfer coefficient and length 
of the fiber, respectively. 
A droplet expands as its temperature increases during 
the heat-up period as an effect of the decrease in liquid 
density. Therefore, the liquid density needs to be updated 
at the end of each time step with the new droplet 
temperature. Then the new droplet diameter is calculated 
with the integral mean value of droplet density in order 
to model the swelling effect. If the ratio of D/D0 has 
reached a predetermined value, where D0 is the initial 
droplet diameter, calculation stops. 
 
Results and discussion 
Figures 3 and 4 show the comparison of the discussed 
evaporation model and the experimental data of Nomura 
et al. [13] and Ghassemi et al. [15] for 10 bar ambient 
pressure and several ambient temperatures for stagnant, 
suspended droplets. The effect of thermal radiation was 
investigated by a parameter analysis. Dashed lines 
indicate ε∙φ = 0 which mean no radiation, while solid 
lines indicate ε∙φ = 1, meaning that all the radiated heat 
from the surrounding gas reaches the droplet. Identifying 
the value of ε∙φ for a given measurement setup is often a 
difficult task since ε is a function of the temperature [24], 
and φ is rarely published for all parts of the test 
equipment. Therefore, determining the limits of radiative 
heat transfer is reasonable for evaluating its effect on 
droplet evaporation. As the effect of thermal radiation is 
influenced by the size of the droplet and the ambient 
temperature as well, either the droplet diameter or the 
ambient temperature is increased, the sensitivity range 
widens; thus the measurement is increasingly biased, 
shown in Figs. 3 and 4. If the 669 K ≤ T∞ ≤ 773 K data 
sets are compared in Figs. 3 and 4, the only notable 
difference which affects thermal radiation is the initial 
droplet diameter, as ambient temperatures are practically 
identical for the 2-2 cases with similar temperatures. 
Thermal radiation affects more the evaporation of the 
larger droplet than that of the smaller droplet. 
 
 
Fig. 3. Comparison of the evaporation model and the 
experimental data of Nomura et al. [13]. Dashed lines 
indicate ε∙φ = 0, solid lines indicate ε∙φ = 1. 
 
 
Fig. 4. Comparison of the evaporation model and the 
experimental data of Ghassemi et al. [15]. Dashed lines 
indicate ε∙φ = 0, solid lines indicate ε∙φ = 1. 
 
Figure 5 compares two extreme cases considering the 
typical limiting conditions of droplet evaporation 
measurement. A small diameter droplet evaporates in a 
low ambient temperature environment while the other 
case considers a larger droplet in a high-temperature 
environment. Calculations performed until the droplet 
diameter decreased to 30 % of the initial value. This limit 
is frequently used in measurement of single droplet 
evaporation due to the finite size of the tip. The 
corresponding evaporation time is noted as tD70% which is 
used for the non-dimensional time coordinate, t/tD70%. 
Presently, the effect of conduction of fiber is neglected. 
The low-temperature case shows low sensitivity to 
radiation in Fig. 5, even for ε∙φ = 1, the share of thermal 
radiation in the total heat flow rate is below 10%. 
However, in the second case, depending on the value of 
ε∙φ, the share of thermal radiation in the total heat flow 
rate can reach up to 90%. Hence, thermal radiation may 
considerably influence the measurements in the case of 
millimeter-scale droplets, and high temperature may 
seriously enhance its impact. 
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Fig. 5. Share of thermal radiation in total heat transfer 
during droplet vaporization for two initial conditions. 
The effect of the fiber is omitted. 
 
Figure 6 shows the comparison of the evaporation 
model and the experimental data of Chung [14] for 
moving droplets. As notable uncertainty biased the initial 
temperature of the droplets, T0, only the steady-state 
evaporation period was evaluated from a thermal 
radiation point of view. The impact of thermal radiation 
on droplet vaporization is present; however, it is less 
significant despite the high, combustion chamber-like 
far-field temperature due to the considerably smaller 
droplet size than those discussed above. Therefore, in real 
fuel sprays, where droplet size is usually below 50 μm, 
thermal radiation may be omitted even in a high-
temperature environment. 
 
 
Fig. 6. Comparison of the evaporation model and the 
experimental data of Chung [14]. Dashed lines indicate 
ε∙φ = 0, solid lines indicate ε∙φ = 1. 
 
In order to evaluate the share of different sources of 
heat transfer in total heat transfer, an experimental setup 
identical for Ghassemi et al. [15] was chosen with ε∙φ = 
0.5. Figure 7 shows the convective heat transfer 
dominates the early vaporization period while thermal 
radiation has a moderate impact. The effect of fiber 
conduction is small because the difference in droplet and 
fiber temperature is low. However, as the wet-bulb 
temperature is approached, the share of convective heat 
transfer decreases since both droplet size and difference 
in the droplet and ambient temperature decreases. 
Moreover, as temperature increases, BT increases as well. 
Therefore, the Nusselt number and hence the heat 
transfer coefficient decrease. The decrease in droplet size 
also impacts thermal radiation. After reaching a 
maximum, its share in total heat transfer starts to 
decrease. In this intermediate period, the role of 
convective heat transfer decreases while thermal 
radiation may increase if the droplet is large. The effect 
of fiber conduction becomes increasingly important since 
the diameter of the fiber to the diameter of the droplet is 
continuously increasing. Moreover, the temperature of 
the fiber increases and reaches a steady-state value, very 
close to the far field temperature. At the end of the 
evaporation process, when the droplet diameter is about 
30 % of the initial value, fiber conduction dominates and 
may boil the droplet. In addition, the sphericity is also 
violated, and the discussed model is no longer applicable. 
 
 
Fig. 7. The share of different sources of heat transfer in 
total heat flow rate during droplet vaporization. 
 
Besides the thermal conductivity of the fiber, the 
other notable parameter which determines the effect of 
droplet suspension on the measurement is the d/D0 ratio. 
Figure 8 shows the deviation of D2 profiles from D2-law 
while Fig. 9 shows the share of fiber conduction in the 
total heat transfer. The effect of thermal radiation is 
omitted here. Increasing the diameter ratio above 0.05 
leads to a significant nonlinear behavior of the D2 profiles 
since fiber conduction starts to dominate the heat balance 
at the end of the droplet lifetime. However, below 0.05, 
the effect of fiber conduction is practically negligible as 
the share of fiber conduction in total heat transfer is 
below 10% except for the very end of the droplet lifetime. 
Therefore, in the case of droplets with millimeter-scale 
initial diameter, fiber with 10-50 μm diameter has little 
effect on vaporization. Increasing ambient pressure 
decreases the temperature difference between the fiber 
and droplet as pressure increase has no impact on fiber 
temperature, thus the effect of fiber conduction is slightly 
decreased. Increasing ambient temperature increases the 
temperature difference between the fiber and droplet as 
fiber temperature increases, but this effect is not 
considerable either. 
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Fig. 8. Deviation from D2-law for different d/D0 ratios. 
The effect of thermal radiation is omitted. 
 
 
Fig. 9. Effect of d/D0 ratio on fiber conduction. 
 
Conclusions 
Typical setups for evaporation measurement of single 
droplets including suspended droplet and drop-tower 
method were investigated from thermal point of view by 
numerical modeling. Heat balance of the droplet 
considered thermal conduction of the suspension fiber 
and thermal radiation. The modified numerical model 
was compared to available experimental data for n-
heptane in the literature. The following conclusions were 
derived: 
1. As thermal radiation is highly dependent on droplet 
size and ambient temperature, typical suspended 
single droplet evaporation measurement setups, 
where generally millimeter-scale droplets are 
investigated, may be considerably influenced by 
radiative heat transfer. This is enhanced in high-
temperature environment, resulting in a higher 
vaporization rate. Hence, the importance of 
determining the value of ε∙φ may be crucial in order 
to validate the results of numerical models. Drop–
tower measurements are less influenced by thermal 
radiation, due to the typically smaller droplet sizes. 
2. The early vaporization period is dominated by 
convective heat transfer, and, depending on the 
measurement setup, thermal radiation may be 
significant as well. However, fiber conduction is 
practically negligible. As vaporization progresses, the 
share of convection in total heat transfer decreases as 
droplet diameter, Nusselt number, heat transfer 
coefficient, and the difference in the droplet and 
ambient temperature decrease. Reduction in droplet 
size reduce the share of thermal radiation as well after 
reaching a maximum. At the end of the evaporation 
process, when the fiber diameter is comparable to the 
droplet diameter, fiber conduction dominates. In 
addition, the sphericity might require adaptive 
modeling approaches for the possibly distorting 
liquid shape. 
3. Above d/D0 = 0.05, a significant nonlinear behavior 
can be observed in the D2 profiles due to the 
dominance of fiber conduction in the heat balance of 
the droplet close to the end of the vaporization 
process. However, below d/D0 = 0.05, fiber 
conduction has no significant impact on evaporation 
as its share in the total heat flow rate is below 10% 
except for the late vaporization period. 
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